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Abstract. Serious damage to the inner rim of the rear twin wheel in one dump truck was noted during the operation of the fleet performing
transport tasks. It was a drive wheel, and its damage occurred while driving with a load exceeding the permissible value. The examination
of selected fragments of the damaged rim surface was conducted visually as well as using a digital microscope with a portable head. The
measurements of the Vickers hardness and microscopic observations of the material structure of the sample cut along the thickness of the rim
disk were carried out. The drive torque loading of the twin wheels of the tipper-truck rear axle, under their mating with different kinds of road
roughness and under various vertical loads of the wheels was calculated. An analysis of stress distributions in the rim modelled using the Finite
Element Method was also conducted for several possible scenarios of wheel loading. The damage to the rim was caused by simultaneous action of
several factors, such as overloading the car, poor condition of the tires, loading the drive wheel by a part of the vehicle weight and the driving

torque, and hitting a wheel on a cavity in a dirt road, causing a temporary relief of one of the tires on a twin wheel.

Key words: tipper-truck; rim; tire; failure.

1. INTRODUCTION

Nowadays, for the transport of some bulk materials, such as sand
or gravel dump trucks are used. The chosen means of transport
depends on the properties of the transported material (sensi-
tivity to weather conditions, etc.). Work with bulk materials
is most often undertaken by specialized companies that have
the necessary machines at their disposal and transport cargo by
road [1], but also in off-road conditions with varying degrees
of terrain obstacles. According to [2], such companies’ profits
are affected mainly by the fuel consumption of individual ve-
hicles, the driver (driving style), and the year season (average
temperature, weather conditions).

The cargo is transported under the conditions of varying loads
of the vehicle wheels on the side of the road or terrain, the
weight of the cargo and the evenness of its distribution on the
vehicle, and the driving style, often dictated by the changing
road conditions.

Failure analysis seeks to identify and explain the causes of fail-
ures using scientific and technological concepts and principles.
It is a transversal area of engineering with a great interest for the
industry since the study of failures helps their prevention [3].

The failures of wheels of tipper trucks were related to their
rims [4-20] and tires [21-34]. The latter are affected by the age
of tires [35-38] and the tire-road friction coefficient [39-58].

*e-mail: ks670907 @p.lodz.pl

Manuscript submitted 2021-07-09, revised 2022-01-13, initially
accepted for publication 2022-03-03, published in June 2022.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 3, p. e141000, 2022

The root cause of the problem was analyzed as follows: one
of the transport companies, which deals with the transport of
construction goods, encountered the necessity of fast, but short-
term transport of cargo in the form of pallets with paving stones.
The only means of transport available at that moment, capable
of accommodating the required number of pallets with a paving
slab, turned out to be a long-mileage tipper-truck (Fig. 1), the
tires of which were heavily worn, and therefore the car was
rarely used.

Fig. 1. The analyzed Mercedes-Benz Actros 4143 K 2002 tipper-truck
with the damaged wheel replaced

As the destination distance was relatively short (about 10 km),
the company decided to take the risk, being fully aware that the
transport would take place under the conditions of exceeding
the permissible loads of the tipper axle. The vehicle covered
most of the distance on a sub-urban asphalt road, in light traffic
conditions on a cloudy, but not rainy day. There were no notice-
able signs indicating an impending failure. Only after leaving
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the asphalt road and going onto a dirt road (Fig. 2), which was
the driveway to the unloading site, there was a failure on one of
the twin wheels of the rear axle of the vehicle (Fig. 3).

Fig. 2. The place of the analyzed traffic issue on the dirt road
after leaving the asphalt road

J pallets with paving stones

e 1o

failed
wheel

Fig. 3. The position of the failed outer tire of one of the twin wheels of
the rear axle of the tipper-truck

The inner tire simply burst off. Moreover, the rim of this
wheel was severely damaged (Fig. 4). Interestingly, the outer
tire and rim of this twin wheel were not damaged. There was

(a) (b)
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Fig. 4. The failed wheel with the damaged rim: (a) with a tire; (b) with-

out a tire, 1 — fragment of the damaged rim, 2 — fragment of the rim
that is free from damage

also no visible damage to the drive shaft, despite exceeding
the permissible axle load. Described observations prompted
the authors to look for the cause of such damage to the wheel,
especially its rim.

2. EASE OF USE

There are four main aspects of the failure of the rear wheels of
the tipper truck: rim failure, tire failure, tire age, and tire-road
friction coefficient. The other factors such as tire air pressure,
condition of the rim mounting bolts, and wheel hubs were con-
trolled on an ongoing basis and it was found that their effect on
the failure can be considered negligible in further analysis. On
the other hand, the wheels on the truck were frequently replaced
during the operation of the vehicle, and therefore the condition
of their tires and rims, as well as the friction conditions between
the road and the tires, were subject to significant changes and
could have had the greatest impact on damage to the wheel. The
effect of the load on the wheel failure was partially included in
the analysis of the stresses generated in the rim model, described
further in the paper. The influence of the wheel’s rotational speed
on the damage was neglected because the accident took place
on an access road, during intensive maneuvering of the vehicle
on a relatively short stretch of dirt road.

2.1. The features and failures of the rims utilized
in various vehicles
Panjagala et al. [4] stated that the wheel rim strongly affects
the vehicle dynamics. They discussed the design and model of
different wheel rims based on weight optimization. They found
that Al alloys are the most suitable for the sport utility vehicles
(SUV).
Carboni et al. [5] listed three typical problems of the track
wheels components, in terms of fatigue strength:
o Disk failure caused by fretting fatigue in the attachment face
zone.
e Crack nucleation and propagation at the edge of the ventila-
tion holes where the maximum circumferential stress exists
(at 45° to the axial direction).
o Fatigue failure of the welded joint between disk and rim.
Varin [6] reported that the number of vehicle accidents af-
fected by wheel attachment failures on non-dual rear wheel
vehicles increased after introducing the cast and forged alu-
minum alloy and forged “styled” steel wheels. An increase in
such accidents in the case of solid wheels was related to a com-
mon failure since the stiffer cast and forged wheels required
more stringent installation and maintenance standards than the
stamped steel predecessors. Coincident with, but not in response
to, the increased number of wheel attachment failures on single
rear wheel vehicles was the introduction of hub-piloted wheels.
Those were applied on dual rear wheel vehicles to limit the
higher frequency of attachment failures on vehicles equipped
with forged steel wheels. It enhanced the portion of the installa-
tion torque converted to wheel clamping force through a weak-
ening in the portion lost to nut-to-wheel friction. The wheel-
clamping force occurs, as the tightening with a specified torque
value of the nut mating with the stud results in the generation of
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the longitudinal stresses in the core of the wheel stud on a car.
The integration over a stud cross-section of such stresses results
in a force equal to a clamping force component related to the
single stud. The sum of such components, the number of which
is equal to that of the studs is the clamping force that holds the
wheel to the hub.

Glennon [7] reported that crashes caused by wheels coming
off of vehicles referred to as wheel runoff crashes can be caused
by a failure of:

e The wheel mounting system, such as the wheel studs, lug
nuts, etc.
e The hub and wheel bearing assembly.

Prasad et al. [8] stated that wheel rims can be made of Al
alloys, Mg alloys, Steel 1008, forged steel, and Carbon fibers.

Natrayan et al. [9] conducted numerical studies on old and
new wheel rims made of various materials. They found that
deflections in aluminum rims were greater compared to ones
made of stainless steel. They suggested that stainless steel is
preferred as the best material for wheel rim.

Sabari et. al [10] numerically compared deformations of the
wheel rims made from carbon steel and aluminum alloy, under
various loads and cruising speeds. It was found that with the
increase in speed, the maximum deformations of both materials
also increased. Deformations of wheel rims made of aluminum
alloy were greater compared to those for rims made of steel.

In [11] various types of wheel rim materials, particularly
aluminum alloys, were compared. It was found that basic re-
quirements for the rim material are strength, structural stiffness,
fatigue behavior, and crashworthiness. Zhang et al. [12] stud-
ied a range of casting-related defects in low-pressure die-cast
aluminum wheels, which affected three main casting quality-
related criteria for automotive wheels: cosmetics, airtightness,
and mechanical performance.

Stanczyk and Filgus [13] reported that the 6082 aluminum
alloy was intended for use in loaded machine parts and forged
car wheel rims.

Satyanarayana and Sambaiah [14] numerically studied the
fatigue behavior of the wheel rim made of overcast aluminum
alloy (Al.356.2) under constant loading.

Sourav Das [15] investigated the wheel rim made of the
AlSi7Mg0.3 alloy and Ganesh and Periyasamy [16] studied
the spiral wheel rim made of the A1356.2 alloy. Such authors
found that the bent magnesium rims cannot be repaired.

Wang et al. [17] proposed a method for evaluating the fatigue
life of aluminum wheels. They found that during the aluminum
wheel rotary fatigue bench test, the baseline wheel failed the
test, and its crack initiation was around the hub bolt hole area.
Toulfatzis et al. [18] conducted a failure analysis of an Al-alloy
wheel rim, showing a transverse and axial fracture. They found
a localized dent due to the occurrence of intense plastic de-
formation adjacent to the fracture area. No significant macro-
defects occurred that could cause the overload fracture of the
wheel rim, rather than an impact incident able to induce a high
strain-rate loading crack propagation that resulted in the ultimate
failure.

Surasno and Tjahjohartoto [19] conducted comparative tests
of various rims made of casting aluminum alloy made by
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the small and medium-sized enterprises (SMEs). Their tensile
strength was much lower than these of local and imported prod-
ucts. Their impact values resulting in rim break were lower than
the Indonesian National Standards (2008) SNI 1896, Tire Rims
for Category M, N, and O Motor Vehicles (SNI 1896:2008)
requirement. Their content of iron was higher than these of lo-
cal and imported rim, tending to form micro-cracks and limit
the mechanical strength. Microstructure observation revealed
a dendritic structure, porosity, and a needle-like AlFeSi phase.

Kwak et al. [20] numerically analyzed the process of the Al
alloy wheel impact test for both the wheel models with and
without shrinkage cavity defects. They found that under impact
test conditions, the wheel with modeled shrinkage cavity defects
may fracture while the sound-assumed wheel may not.

It is visible that studies on rims made from Al alloys are per-
formed much more often than those made of steel. Although the
deflections in steel rims are lower compared to aluminum ones,
both can be damaged due to the possible fatigue phenomena.
Also, the bad technical conditions of the wheel mounting system,
such as the wheel studs and lug nuts can cause wheel failure.

2.2. The failures of the tires utilized in various vehicles

Liu et al. [21] studied the effects of heat accumulation and stress
distribution on the run-flat tire sidewall on durability testing at
zero pressure. They found that the rigidity and tensile strength
of the compound were negatively correlated with temperature.
The deformation strongly affected energy loss and the stress con-
centration could cause early damage to the tire. The balance of
mechanical strength, energy loss, and structural rigidity allowed
the optimal development of run-flat tires.

According to [22], very common types of tire damage are
punctures, cuts, cracks, bulges, or irregular wear.

Edunyah [23] reported that there were four major causes of
tire failure: over-inflation, under-inflation, wear, and overloading
of the vehicle.

The improper maintenance of vehicle tires adversely affected
vehicle acceleration, braking, steering, comfort, and efficiency,
and in some cases lead to crashes [24]. The tire rubber and
other compounds become brittle, resulting in loss of grip, and
enhancing the risk of catastrophic failure.

In [25], the authors discussed a specific vehicle and wheel
model. Simulation results of rupture propagation and tire inter-
action were obtained. Based on those results, two interesting
modifications were proposed to increase the strength and resis-
tance of the tire structure. This modification could potentially
be applied to utility trucks.

Another wheel design was proposed in [26]. The authors
proposed the structure of an ultra-high-strength tire and studied
the effect of using such a tire on vehicle vibrations and ride
comfort. The study showed that this type of tire reduces comfort,
but a significantly improved grasping ability was achieved.

Weyssenhoff et al. [27] reported that some tires have hidden
defects arising from production process errors. Such defects
resulted from nonuniformity of the tire structure and translated
into improper operation and could even lead to an accident.

The material nonuniformity can adversely influence tire-road
interaction: the enhanced noise level generated, as well as sus-
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pension vibrations or transmitting vibrations to the steering col-
umn [27-29]. Dorfi [30] found that such vibrations are sensed
by the driver only in a certain range of the vehicle speed. Such
vibrations may initiate resonance of the vehicle steering system,
as the wheel is unbalanced. In extreme cases, tire defects can
lead to a burst of its structure. Such an anomaly weakens the
safety level and comfort [27].

Weyssenhoff et al. [27] also pointed out that the inadequate
wheel balance causes improper wear of the tire tread surface. In
addition, radial run-out due to tire nonuniformity may introduce
resonant frequency causing perceptible vibrations on the steering
wheel for the specific speed ranges.

Drivers, despite being aware of the risks of improper inflation,
often run vehicles with underinflated tires [31], and for less
well-known issues such as tire aging, oxidation, and cracking,
drivers are unaware of the need for replacement [24], forgoing
the inspection entirely.

Euchler et al. [32] studied the crack initiation during a dy-
namic wear process and its correlation with fatigue crack growth
of reinforced rubber materials. They analyzed rubber compounds
based on natural rubber (NR) and polybutadiene rubber (BR).
They found that the crack initiation process during dynamic
wear depended on different impact energies and the rubber com-
positions. The higher crack initiation resistance of rubber blends
occurred with an enhanced content of BR, while a predominant
effect of NR increased the resistance against crack propagation,
especially at higher strain levels due to strain-induced crystal-
lization.

Zhang et al. [33] proposed a method of tire damage image
recognition based on a convolutional neural network algorithm
and elaborated on an intelligent tire damage image recognition
system. Siegel et al. [34] proposed a monitoring system of tire
surface conditions using a densely connected convolutional neu-
ral network to identify cracking based on smartphone images.

It is visible that failures of tires may be caused by external
factors, for example, punctures, cuts, and internal ones such
as tire aging, oxidation, and cracking. The latter depends on
impact energy and the rubber composition. The tire failure can
be accelerated by improper inflation, wear, and overloading
of the vehicle. The improper maintenance of tires causes the
brittleness of their rubber and other compounds and the gen-
eration of hidden defects during the production process can
induce the enhanced level of noise generated and suspension
vibrations transmitting to the steering column. The mentioned
defects can lead to a burst of the tire structure and the inadequate
wheel balance leads to improper wear of its tread surface. It
has been also noticed an increased role of tire state monitoring
systems.

2.3. The age of a tire

By conducting an artificial aging process of the tire and periodi-
cal testing, Wright and Els [35] studied the effects of a tire age
on its stiffness parameters. Researchers have applied simplified
methods of quantifying the age of the tire to update a flexible
structure tire model (FTire model). It was a full 3D nonlinear
in-plane and out-of-plane tire simulation model [36]. Wright and
Els found that the vertical and longitudinal stiffnesses of the tire

depend on its age. The application of the Shore A hardness of
the tire tread to update the FTire model was useful to account for
the age of the tire. The changes in tire properties due to aging
were small but not negligible. The error between a severely aged
tire and a tire model based on a new tire was below 5%.

In [37] some facts were reported related to the aging effect on
the tire conditions:

e Rubber, which is also utilized in tires, started breaking down
over time and heat accelerated this process, which was re-
ferred to as tire aging.

e Despite the small wear of the tire, that is, the tread of the
tire was of significant depth, and the violation of its integrity
started. The effect of aging might be visibly undetectable.

o Tires aged whether they were driven on or not. Therefore, the
problem occurs also when the vehicle was used infrequently
or in the case of spare tires.

e With the development of their age process, tires were more
prone to failure.

e Some tire manufacturers recommended replacing tires with
their age in the range of 6-10 years, regardless of tread wear.

Balderstone et al. [38] identified an increase in stiffness of tire
rubber compounds that occurs due to the aging process. This was
also associated with a decrease in elasticity. Some tires returned
from service exhibited anomalies associated with the steel belts,
whereas no anomalies occurred in the new or new/thermally
aged tires. The looseness of the belts in the mentioned package,
being a breakdown of the steel-cord and rubber compound, could
cause rejection of components in the unpredictable moment in
the retreading process.

The authors also reported a peel force reduction that occurred
in the first three to four years of tire life. Peel force visibly
decreased within that age range, for belts 2 to 3, belts 3 to 4, and
between the carcass and sidewalls, as compared to a new tire.
However, following the initial decrease of peel force, there was
no further significant reduction over the age range of the service
tires. The thermally aged tires also exhibited the reduced peel
force compared to the control tire; however, not so much as the
service tires.

Some tires returned from the service exhibited corrosion of
the steel cords, especially in the outer belt of the tire structure.
That corrosion was probably due to penetrations throughout
the tread of the tire. Apparently, they were not deep enough to
penetrate the inner layers or puncture the tire. Such corrosion
weakened the bond between the steel cords and its coating made
of adhesive rubber compound and affected the integrity of the
tire in service, which may cause its malfunction.

Based on the observations stated in the articles on the tire ag-
ing, it can be concluded that in the analyzed case there could be
enough damage to the cord when driving with a load on unpaved
roads or various types of ramps to construction sites or farms.
Abandoned various sharp objects, such as nails, rod fragments,
wires, sharp chippings, or stones, which are often found there,
could be potential sources of tire punctures. Intensive use of
vehicles and inaccurate compliance with periodic tire changes,
due to the additional costs and losses related to the need to send
the vehicle to the workshop, could have resulted in significant
wear of the treads.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 3, p. e141000, 2022
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2.4. Maintaining the integrity of the specifications
When driving a vehicle, the occurrence of the conditions con-
ducive to rolling its wheels on the road, without the occurrence
of longitudinal and lateral slips, is desirable. However, a long-
term practice shows that while driving, there may exist various
slips differing from each other in the direction and values of
their speed components [39]:
e Longitudinal slip of wheels during, for example, vehicle
braking
e Slipping of driving wheels when starting or accelerating the
vehicle
e Lateral slipping of vehicles during, for example, a vehicle
turning, side gusts of wind, unsymmetrical wear of the wheel
treads
According to [40], a vehicle experiences only tire-road forces
strongly affecting its lateral, longitudinal, yaw, and roll behav-
ior. For each tire, the normalized traction force p, called the
coefficient of traction, is defined via equation (1) [40]

\/ F2+F?

E 6]

p:

where: F, Fy, and F; are the longitudinal, lateral, and normal,
that is, vertical, forces acting on the tire. For a given normal
vertical load on the tire, the maximum value of the normalized
traction force p, called the tire-road friction coefficient u, de-
pends on the characteristics of the road surface. The value of u
varies in the range (0, 1) depending on the type of road surface,
such as icy, snow-covered, gravel, and dry asphalt.

Some methods were developed to estimate the tire/road fric-
tion coefficient. Ghandour et al. [41] proposed a method for the
estimation of the maximum tire/road friction coefficient, based
on an iterative quadratic minimization of the error between the
developed lateral force and the model of tire/road interaction.
Fodor et al. [42] devised a numerical model for the evaluation
of different tire-road friction estimation methods such as:

e The Slip-Slope Method utilizing the relationship between
normalized longitudinal tire force and slip ratio to determine
the friction coefficient

e The Cornering Stiffness Method detecting the maximum the
friction coefficient

e The Burckhardt Method based on a special formula

Chen and Wang [43,44] proposed a real-time, tire-road fric-
tion coefficient estimation method that is independent of vehicle
longitudinal motion for ground vehicles with separable control
of the front and rear wheels.

Ahn et al. [45] reported two methods to estimate the friction
coefficient: the first based on lateral dynamics, and the second
based on longitudinal dynamics.

For the algorithms estimating independent friction coefficients
for each wheel of the vehicle, Rajamani et al. [46] devised
three different observers for the estimation of slip ratios and
longitudinal tire forces, based on the types of sensors available.

Cheng et al. [47] proposed an observer using the unscented
Kalman filter to estimate simultaneously the sideslip angle, lat-
eral tire-road forces, and the tire-road friction coefficient.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 3, p. €141000, 2022

For estimating the peak friction coefficient in the tire-road
interface, de Castro et al. [48] proposed a parametrization based
on a feedforward neural network (FFNN), trained by the extreme
learning machine (ELM) method.

Some studies addressed the effect of different parameters on
the friction coefficient in the tire-road contact zone.

Liu [49] studied the adhesion coefficient of an automobile
tire and road surface. A formula was proposed for the adhesion
coefficient comprising of two parts: adhesion and deflective. The
formula takes into consideration several factors: road surface
state, tread rubber properties, tire geometry, tire air pressure,
wheel normal loading, and road surface roughness. It was found
that the adhesion coefficient is a function with an extreme value.
Under conditions of the atmospheric pressure in the tire, im-
proper selection of the load of the vehicle, and the roughness of
the road surface, such a function can reach its lowest values and
affect the safety of the driven vehicle.

The adhesion coefficient in the contact zone between the tire
and road depends on the kind of road and its wetness [50]. It is
also influenced by the vehicle speed and the tread depth [51].

Cabrera et al. [52] reported that the road friction resistance
depends on road composition and wet conditions, tire type, and
its features. They proposed a modification of the Pacejka Magic
Formula to include the effects of road composition and its state,
tire type, vehicle speed, and slip between the tire and the road.
It facilitated obtaining a more accurate tire-road friction model.

Acosta et al. [53] reviewed road friction virtual sensing ap-
proaches. The road grip potential can be estimated accurately
under regular driving conditions in which the vehicle responses
remain within low longitudinal and lateral excitation levels. To
reach this goal, the effect-based estimation methods based on
tire slip, tire vibration, and tire noise are used, in which the road
friction characteristics are obtained from the tire responses.

Lian et al. [54] reported that the tire-road friction coefficient
is not measured directly. Some methods are devised to experi-
mentally determine the values of friction coefficient in tire-road
contact. The authors also discussed the tire force system and the
developing status of the identification of tire-road friction condi-
tions involving the approach based on sensor equipment and the
approach utilizing the measurement of the vehicle motion, and
some classical identification algorithms used in this field.

Erdogan et al. [55] proposed a tire-road friction coefficient
estimation using the uncoupled lateral deflection profile of the
tire carcass measured from inside the tire through the entire
contact patch. The decoupling of the lateral carcass deformations
from the radial and tangential deformations was possible using
the wireless piezoelectric sensor.

Erdogan er al. [56] devised an adaptive feedforward vibration
and cancellation-based system of friction estimation facilitating
a continuous measurement of the friction coefficient under all ve-
hicle maneuvers, even without its longitudinal and lateral accel-
erations. The real-time knowledge of friction coefficient in tire-
road contact is important for issues related to the operation of var-
ious active safety control systems including adaptive cruise con-
trol (ACC), anti-lock braking systems (ABS), electronic stability
program (ESP), and acceleration slip regulation (ASR). However,
the tire-road friction coefficient is not measured directly [54].
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According to [57], the tire-road friction conditions affect the
vehicle control systems, particularly, the wheel slip control sys-
tems. The knowledge of the actual maximum coefficient of
friction allows an anti-lock brake system (ABS) controller to
start braking with the optimal brake pressure, resulting in shorter
stopping distances.

Lex [58] reported that the driver input conditions the vehicle
reaction, depending on the road and tire conditions. That also
held true for the advanced driver assistance systems (ADAS),
whose operation was usually based on the wheel rotational
speeds, as they exhibited the highest sensitivity to the road and
tire conditions.

The conducted literature review on the coefficient of friction
between the tire and the road showed that the tire-road friction
coefficient 4 depends on the characteristics of the road surface.
The value of u varies in the range (0, 1) depending on the type of
road surface, such as icy, snow-covered, gravel, and dry asphalt.
For estimation of the mentioned coefficient, there are some meth-
ods based on measuring systems or numerical simulations with
various levels of accuracy and repeatability. The lack of a wheel
slip control system or the insufficient efficiency of such a sys-
tem deteriorates the driving conditions of a vehicle, especially
a multi-axle vehicle, such as that analyzed in the present study.

3. MATERIALS AND METHODS

3.1. The general view of the damaged wheel

The examination of the failed wheel was carried out visually
at the accident site. Also, the interview with the participants of
the road accident relative to the cargo transportation conditions
was made. Additionally, the examination of selected fragments
of the damaged rim surface was conducted visually and by us-
ing a digital microscope VHX7000 manufactured by the VHX
Keyence.

3.2. Testing of the mechanical properties of the damaged
rim material

The wheel rim analysis was made by welding the hub rim with

its disc. Such a connection was conditioned by making the com-

ponents of the hub from weldable steel with a carbon content

below 0.3 wt.%.

Hardness tests and microstructure tests of the rim material
were carried out. For this purpose, a piece of material was taken
along the thickness of the rim disc from the area between the
hole for the wheel hub and the hole for one of the rim mounting
bolts. The above-mentioned material sample and positions of
the measurement points are shown in Fig. 5.

The hardness tests were carried out using the Vickers method
with a load of 98.1 N, on an INNOVATEST hardness tester,
model VERZUS 700. In each case, 5 hardness measurements
were made and the presented values were calculated as average
ones.

The obtained values of the hardness HV facilitated the estima-
tion of the fatigue strength 6, for the steel according to equation
(2) [59]

6w =1.6-HV+0.1-HV for HV <400. )

Fig. 5. The material sample cut along the thickness of the rim disk to

measure the surface hardness at selected disk depths and to examine the

metallographic structure of the sample; 1 and 2 — points for measure-
ment of the hardness, 3 and 4 — points for tests of the microstructure

Microstructure tests of the rim material were carried out on the
sample taken both at the outer surface of the rim and in the
center of the cross-section using the MA 200 optical microscope
by NIKON.

3.3. Characteristics of the vehicle analyzed

The presented study was conducted for the Mercedes-Benz Ac-
tros 4143 K 2002 tipper-truck (Fig. 1) with a capacity 20 m?
related to a loading capacity of 22 800 kg [60]. Its total weight
was 40000 kg. It was equipped with the CI turbocharged V6
320 kW Euro 3 engine with displacement of 11946 cm?® and
a 16 gears manual transmission. The characteristics of the en-
gine, such as power P(n) and torque M(n) as a function of
engine speed n were presented in Fig. 6. The maximum torque
Max was equal to 2100 Nm at the engine speed nyy,,,, equal to
1080 rpm and the maximum power Pp,x Was equal to 320 kW at
the engine speed np,,, equal to 1900 rpm [61]. The 1st gear ig;
was equal to 11.72 and the 14th gear i x;v was equal to 1 [62].
The axle ratio i, was equal to 5.333 [62]. The wheels possessed
tires of the type 14.00 R20 with advanced rims [62] and there-
fore the radius r, of the wheel was equal to 0.578 m [63]. The
air pressure there was equal to 7.6 bar [63].

The torque Tp,,, at the engine speed np, . was equal to
1620 Nm (Fig. 6).

The permissible rear axle mass my,—perm Was equal to 16 000
kg [62]. It was assumed the symmetrical transmission of drive
torque through the twin wheels on the rear axle of the tipper-
truck. The torque Try perm transferrable by the twin wheel of
the tipper-truck rear axle loaded with a weight resulting from
the permissible rear axle mass My perm Was determined from
equation (3)

Tra—perm =H- (05 * Mra—perm * g) “ra, (3)

where: u — the assumed tire-road friction coefficient during driv-
ing, equal to 1 on the dirt road and 0.6 on the asphalt road [50].

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 3, p. e141000, 2022
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Fig. 6. The characteristics such as power P(n) and torque M(n) as

a function of engine speed n of CI turbocharged V6 320 kW Euro 3
engine applied in the Mercedes-Benz Actros 4143 K 2002 tipper-truck

The maximal torque Ty, acting on the twin wheel of the
tipper-truck rear axle was determined from equation (4)

Tranmax = Tmax . igl : ia . (4)

It was assumed that tipper drive on the asphalt road under
conditions of the maximal engine power Pp,x, with the use of
the 14th gear igx;v. The torque 7p,—p,,, acting on the twin wheel
of the tipper-truck rear axle was determined from equation (5)

TiaPyax = Thyay  lgx1V " la - @)

During the transport of pallets with paving stones, the load-
ing from cargo was equal to 48 000 t. This increased twice the
loading of twin wheels of the tipper-truck rear axle. This led to
reaching a value of 2 Tiy_perm by the torque transferrable by the
twin wheel of the tipper-truck rear axle.

3.4. Model of the twin-rims assembly

The stress distribution in the assembly comprised of two rims
of twin rear wheels of the rear axis and was obtained using the
Finite Element Method implemented in the software Autodesk
Inventor Professional v. 2021. The single rim was presented in
Fig. 7. To carry out a numerical calculation of the model of the
mentioned assembly was elaborated (Fig. 8). Each rim was made
of weldable steel with a carbon content below 0.3 wt.%. It was

Fig. 7. The single rim utilized in the twin rear wheels of the rear axis
of the tipper: a) general view; b) and c) wireframe style perpendicular
views; d) wireframe style isometric view

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 3, p. €141000, 2022

assumed that the mechanical properties of steel AS/NZS 3679.1-
300 [64] were very close to these of the steel applied to the rim
analyzed. This assumption was supported by the fact, that during
the initial (rough, due to the unsatisfactory technical condition of
the used portable X-ray fluorescence (XRF) analyzer) analysis
of the chemical composition of steel, an increased manganese
content was observed. Also, from conversations with Mercedes-
Benz truck dealers, information was obtained that the wheel
rims are made of hot-rolled steel. The Yield stress for such steel
was equal to 300 MPa, and the Tensile Strength was equal to
440 MPa [64]. The rims are connected by the plane interface
covering the rim end faces (Fig. 8c). The corresponding pin
holes / bolts in both hubs are coaxial with each other (Fig. 8b).

b) c)

Fig. 8. The model comprised two rims of the twin rear wheels of
the rear axis of the tipper: a) general view; b) and c) wireframe style
perpendicular views; d) wireframe style isometric view

The contact elements were plane ones with the augmented
option. The surfaces of the rims contacting with the wheel tires
were fixed on one bottom half of their circumference (Fig. 9).

a) b)

<\
S Y
fixed fixed fixed

G

Fig. 9. The fixed surfaces of rims in the model of the twin rear wheels of

the rear axis of the tipper: (a) the case when both twin wheels contacted

the ground; (b) the case when only one tire of twin wheel contacted the
ground

The common practice is that the rim is fixed in its holes and
possibly on the inner surface of the hole [65—68]. The fixing of
the rim surfaces, as in the present case, facilitates the introduc-
tion of changes in the rim load without the need to model a very
complex and difficult element, which is the tire. However, it may
introduce some rigidity of the analyzed rims concerning reality.
Particularly large deviations would be achieved with rims made
of aluminum alloys. Fortunately, in the analyzed case, the rims
were made of steel, which is a much stiffer material. A simi-
lar method of confirmation as in the present analysis was used
in [67,69].
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To simplify the analysis, the influence of compressed air pres-
sure in the tire was also neglected. The presence and values of
this pressure highly affect deformations of the tire [70,71]. The
presence of this pressure can increase the stress values in

the rim by up to 50%, but to a very different degree depending
on the pressure value and the circumferential direction of the
rim [72]. The actual pressure in the twin wheel analyzed has not
been known and it could even exceed its limit values. During
the current analysis, the following principle was followed: if the
calculated von Mises stresses in the rim caused by the load from
the car weight and the driving torque exceed the plasticity limit
of the rim material, they will exceed it even more if the influence
of the presence of compressed air in the tire is considered.

Two cases were considered: the first one when both twin
wheels contacted the ground (Fig. 9a) and the second one when
only one tire of the twin wheel contacted the ground (Fig. 9b).

The maximal drive torque T was symmetrical, half its value,
applied to the annular part of the plane of each hub containing
the holes for pins/bolts connecting the twin wheels (Fig. 10).
Half of the maximum vertical load G on the rear axle of the
tipper by one twin wheel of this axle was applied to the same
annular fragments of the plane (Fig. 10).

Y/

G/2 G/2

Fig. 10. The loading of rims in the model of the twin rear wheels of the
rear axis of the tipper. T — the maximum drive torque, G — the maximum
vertical load on the rear axle of the tipper by one twin wheel of this axle

The maximum vertical load G reached the value equal to
a weight resulting from the permissible rear axle mass m
Ma—perm» Namely 16 0000 N.

The grid of the curvilinear 10-node tetrahedral finite elements
was shown in Fig. 11. Five options of average element size were
utilized to conduct convergence evaluation in terms of the effect
of the average element size on the maximum values of calculated
von Mises stresses. It was assumed that solution convergence can
be obtained when the decrease of average element size results
in the stabilizing of the maximum values of von Mises stress
calculated for the same geometrical and material parameters,
loads, and boundary conditions in the analyzed model. The
parts included in the modelled assembly of rims had connected
each other by contact elements with the option of 3D planar

curvilinear 6-node triangles and the option of their bond behavior.

It was assumed that during the analysis mating surfaces of rims
did not move relative to each other. In real some micro-slides are
possible, but they are quickly damped by the friction between
such surfaces resulting from the interaction of their roughness

under a strong pressure between them, caused by the tension
of the bolts connecting the twin wheels. Therefore, such micro-
slides were omitted for simplicity.

@
@

Fig. 11. The grid of tetrahedral finite elements. Average Element
Size (as a fraction of bounding box length): a) 0.1 — 76857 elements,
153109 nodes; b) 0.05 — 93147 elements, 193671 nodes; ¢) 0.03 —
227881 elements, 470621 nodes; d) 0.02 — 457849 elements, 887356

nodes; €) 0.01 — 2917447 elements, 4841588 nodes, f) 0.005 — 7402836
elements, 11653415 nodes

3.5. The effect of the rim material parameters chosen and
load on the achievement of its fatigue strength

The fatigue failure of any device usually occurs after several
withstood cycles and is determined experimentally for the given
geometrical and material parameters of the analyzed device and
its operational conditions, particularly values of load and its
manner of influence [73]. During the fatigue analysis of the rim,
Sachin et al. [74] reported that a crack was initiated at 2.17 - 10°
cycles for the rim made of steel alloy and at 1.97 - 10° for that
made of the forged steel. Topag et al. [75] reported that crack
initiation may occur at the steel rim of the heavy vehicle in the
range of 6.45-10°—8.75 - 10° cycles.

The mileage of the analyzed tipper truck was above
100000 km. As the radius of the wheel was 0.5 m, the wheel
rim analyzed withstood about 32 - 10° cycles and this means that
the probability of reaching the fatigue limit in the rim material
is very high.

The stresses in the rim are usually of a bending or complex na-
ture [67]. Once the metallic material reaches its plastic deforma-
tion limit, the discontinuity usually becomes a small crack [67].

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 3, p. e141000, 2022
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During the classical constant operation of vehicles, typical
usage damages have resulted from material fatigue and can often
appear in the characteristic locations of the so-called theoretical
critical zones (TCZ). Unique situations are also possible, such as
wheel collisions with an obstacle or a sudden puncture or tearing
of the tire, causing permanent deformation of the wheel. During
studies described in [76], such cases were omitted.

Based on the numerical analysis of stress in the model of the
rim, three zones of increased concentration of stress were iden-
tified by Tarasiuk et al. [76] as being potential weak durability
links, namely: the curving of the wheel rim, the boundary of
weld cap and rim material and the area of the weld root joining
the rim and disc.

To estimate the effect of material properties such as Yield
Strength and Ultimate Strength and load on the achievement of
fatigue strength in the rim material, a simplified Smith diagram
was utilized [77-79].

The effect of the load was characterized by the values of von
Mises stresses resulting from such a load in the rim material.
The parameters for the mentioned diagram were estimated using
equations given in [80-82].

The mean stress o, was defined by equation (6) [80]

Om = 0.5 (Gmax + Gmin) ) (6)
where: Onax — maximum value of stress, Gyy;, — minimum value
of stress.

The alternating stress also called the stress amplitude ¢, was
defined by equation (7) [80]
Oy = 0.5 (Gmax - Gmin) . (7)

The stress ratio R was defined by equation (8) [81]

R= O-max/o-min . (8)

The bending fatigue strength S, g—_ for the stress ratio R =
—1(0, = 0) was calculated from equation (9) [82]

Spre—1=04TR,,. 9)

As the Ultimate strength R, of the analyzed steel was equal to
440 MPa, therefore the bending fatigue strength S; g—_| was
equal to 206.7 MPa

The bending fatigue strength Sj, g—¢ for the stress ratio R = 0
(om = 0,) can be calculated from equation (10) [82]

Spr=0=0.7Ry, . (10)
For the mentioned value of the ultimate strength R,, the bending
fatigue strength S g—o was equal to 308 MPa.

As mentioned earlier, the Yield strength R, for such steel
reached a value of 300 MPa.

Therefore, the simplified Smith diagram for the analyzed steel
was presented in Fig. 12. Three parameters: 6,1, Cy;2, and Gy;3
correspond to the values of the average von Mises stresses in
the rim material selected in increasing order. The parameters
Oa1, Og2, and 0,3 corresponded to the stress amplitudes related
to the mean stresses Gy,1, Op2, and G;,3, respectively. The re-
lated bending fatigue strengths were marked as parameters Sy,
Sy, and Sp3, respectively. The fatigue strength of the compo-
nents/structural elements of the rim depends on various exter-
nal and internal factors. Such factors were described in [83].
The external ones comprised shape and size, surface finish, and
service conditions. The internal ones comprised compositions,
microstructure, purity, and residual stresses. The internal factors
can result from the heat-chemical treatment of the rim. To in-
clude the effect of such factors during the present analysis, it
was assumed that their combined effect may be equivalent to
the effect of doubling the value of the stress amplitude o,. It
is visible that the fatigue strengths can reach values equal to,
alternatively:

600
Sm3+2*0a3

Gmax [MPa]

Sm3+C%a3

Sp2=5Sp3=Re=300 MPa
Sb1
Om2+2*0a2

b

—'mSV

Sm2+*Ca2

Om1+2"Ta1
m
Sm1+%a1
Smi—~

Om1 o Om2 o

Sm3
omI[MPa]

Fig. 12. The simplified Smith diagram for the steel analyzed
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e The vertical coordinates of points lying on the limit line
through the points (0,5, g——1) and (0.5 - S, g0, Sy r=0) On
the simplified Smith diagram (Fig. 12)

o The Yield strength R, if the latter is equal to or lower than
values of such vertical coordinates.

4. RESULTS AND DISCUSSION
The obtained results were presented in three groups including
the ones from:
e The observation of selected fragments of the damaged rim
surface
e The measurement of the hardness and microscopic observa-
tions of the material structure
e The calculation of the torque loading the twin wheels of the
tipper-truck rear axle
e The analysis of the stress distributions in the modelled rim

4.1. Observation results of selected fragments
of the damaged rim surface

The obtained results from the observation of two selected frag-
ments of the damaged rim surface were shown in Figs. 13 and 14.
The first one comprised two zones (1 and 2) indicating the signs
of fatigue wear. The second one comprised a zone indicating
the presence of local overheating, as evidenced by bluish raids
on the oxidized parts of the surface. It could be a result of the
damaged rim fragment rubbing against each other or the twin
wheel rim mounting bolts during the rolling of the wheel after
bursting of its tire.

Fig. 13. View of the fracture surface of the damaged rim fragment
with marked zones 1 and 2 indicating signs of fatigue wear

Fig. 14. View of the fracture surface of a fragment of the damaged rim
with a zone indicating the presence of local overheating, as evidenced
by bluish deposits on the oxidized parts of the surface

10

4.2. Results from the measurement of the hardness and
microscopic observations of the material structure
Based on hardness measurements, it was found that the surface
hardness of the rim is 152 HV 10, while in the center of the rim
cross-section, it is only 128 HV10. The calculated values of
the fatigue strength o,, for the measured values of hardness HV
were presented in Table 1. The fatigue strength of the material
near the surface zone was 1.14—1.26 higher than that of the core

zone of the rim disc analyzed.

Table 1
The calculated values of the fatigue strength o,, for the measured values
of hardness HV

Hardness HV10
152 243.2+15.2
128 204.8+12.8

Fatigue strength o,, [MPa]

Based on microscopic observations of the tested section of
the rim material, the presence of a structure composed of ferrite
and pearlite was found. While the structure is homogeneous in
the areas just below the rim surface, in the middle of the cross-
section there is a clear anisotropy in the distribution of ferrite
and pearlite grains. In this case, the grains of both phases are
arranged alternately, creating a characteristic stripe pattern. The
obtained differences in the microstructure partially confirm that
the rim disc was made of hot rolled steel. The comparison of
microstructures from both analyzed areas is presented in Figs. 15
and 16.
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Fig. 15. The microstructure of the material sample
in the measuring point 4 in Fig. 5
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Fig. 16. The microstructure of the material sample
in the measuring point 4 in Fig. 5
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4.3. Calculated torque loading the twin wheels

of the tipper-truck rear axle
The resulted values of the torque loading the twin wheels of the
tipper-truck rear axle were presented in Table 2.

Table 2
The resulted values of the torque loading the twin wheels
of the tipper-truck rear axle

Torque Values [Nm]
Tra—perm 46240
Tra—Mipey 131256
Tra—pP,,, 8640
2+ Tra—perm 92480

During the transport of pallets with paving stones, the calcu-
lated values of maximal torque Tra—p,,,, €Xceeded these of the
torque 2 - Tiyperm transferrable by the twin wheel of the tipper-
truck rear axle. This increases the risk of the occurrence of twin
wheel slips relative to the road mated with it. Therefore, the
torque 2 - Try—perm Can be the maximal one transferable by this
twin vehicle. Such a torque occurring during driving on the dirt
road was 10.7-fold higher than the torque 2 - Ti,_p,,,, Occurring
during driving on the asphalt road.

4.4. The stress distributions in the analyzed model

of the rim
The effect of the average element size on the maximum value
of von Mises stresses for different cases of loading of the twin
wheel of the rear axle was shown in Table 3.

Table 3
The effect of the average element size on the maximum value of von
Mises stresses for different cases of loading of the twin wheel of the rear
axle. The maximum value of the von Mises stresses for the transport
of pallets with paving stones during Case 1 — stop of the tipper-truck;
Case 2 — driving on the asphalt road when both tires of each twin wheel
of the rear axle were in contact with the road; Case 3 — driving on
the dirt road when both tires of each twin wheel of the rear axle were
in contact with the road; Case 4 — driving on the dirt road when case
only one tire of the one twin wheel of the rear axle were in contact
with the road

Average Element Size
(as a fraction of bounding | Case 1 | Case2 | Case 3 | Case 4
box length)

[%] [MPa]
10 30.44 | 31.08 72.79 | 183.7
5 3597 | 4237 | 1127 279.2
3 51.34 | 57.06 | 121.9 298.9
2 5534 | 60.19 | 158.8 389.6
1 56.52 | 61.17 | 161.12 | 415.2
0.5 57.06 | 61.94 | 163.04 | 431.5

It was assumed that the cases with Average Element Size
as a 0.5% fraction of bounding box length were the optimal
choices for the comparative analysis under the small costs of

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 3, p. €141000, 2022

computation time and involvement of the computer RAM. It
facilitated satisfying the important rule for grid generation that
at least two finite elements per thickness, particularly that of the
rims, should be applied to properly simulate the bending.

The obtained values of the von Mises stress distribution for
the case of transport of pallets with paving stones during a stop
of a tipper-truck were shown in Fig. 17. They hardly exceeded
values of 57 MPa. In this case, both tires of each twin wheel of
the rear axle were in contact with the road.

The obtained values of the von Mises stress distribution for
the case of transport of pallets with paving stones during driving
on the asphalt road were shown in Fig. 18. They did not exceed
values of 61 MPa. In this case, both tires of each twin wheel of
the rear axle were in contact with the road.

The obtained values of the von Mises stress distribution for
the case of transport of pallets with paving stones during driving
on the dirt road were shown in Fig. 19. They did not exceed
values of 160 MPa. In this case, both tires of each twin wheel of
the rear axle were in contact with the road as well.

The obtained values of the von Mises stress distribution for
the case of transport of pallets with paving stones during driving
on the dirt road were shown in Fig. 20. They did not exceed
values of 400 MPa. In this case, only one tire of the one twin
wheel of the rear axle was in contact with the road.

Although in most cases analyzed, the obtained values of the
von Mises stresses did not exceed the value of the Yield Stress
of assumed steel, in the last case they were higher than the Yield
Stress by about 25%. Additionally, such stress values were 1.65-
fold higher than the highest estimated value of the surface fatigue
strength and the core fatigue strength presented in Table 1.

4.5. The fatigue in the analyzed model of the rim

For the values of von Mises stresses in the assembly of the
modelled rims for the case of transport of pallets with paving
stones during driving on the asphalt road when both tires of each
twin wheel of the rear axle were in contact with the road the
values of both mean stress 0;,; and stress amplitude o, were
equal to 30.1 MPa and the bending fracture strength Sp; from the
simplified Smith diagram (Fig. 12) was equal to 272 MPa. This
means that for the tipper-track operating under similar conditions
the eventual fatigue failures can hardly be plastic.

For the values of von Mises stresses in the assembly of the
modelled rims in the case of transport of pallets with paving
stones while driving on a dirty road, when both tires of each
twin wheel of the rear axle were in contact with the road the
values of both mean stress 0, and stress amplitude o, were
equal to 79.4 MPa and the bending fracture strength S, from
the simplified Smith diagram (Fig. 12) was equal to the Yield
Strength R, of 300 MPa. For the values of von Mises stresses
in the assembly of the modelled rims in the case of transport of
pallets with paving stones while driving on the dirt road when
only one tire of one twin wheel of the rear axle was in contact
with the road, the values of both mean stress o,,3 and stress
amplitude 0,3 were equal to 195 MPa and the bending fracture
strength Sp3 from the simplified Smith diagram (Fig. 12) was
equal to the Yield Strength R, of 300 MPa.
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Fig. 17. The von Mises stress distribution in the assembly of the
modelled rims for the case of transport of pallets with paving stones
during stop of the tipper-truck. Average Element Size (as a fraction of
bounding box length): a) 0.1; b) 0.05; ¢) 0.03; d) 0.02; ) 0.01; f) 0.005
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Fig. 18. The von Mises stress distribution in the assembly of the

modelled rims for the case of transport of pallets with paving stones

during driving on the asphalt road when both tires of each twin wheel
of the rear axle were in contact with the road
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Fig. 19. The von Mises stress distribution in the assembly of the

modelled rims for the case of transport of pallets with paving stones

during driving on the dirt road when both tires of each twin wheel of
the rear axle were in contact with the road

Fig. 20. The von Mises stress distribution in the assembly of the

modelled rims for the case of transport of pallets with paving stones

during driving on the dirt road when case only one tire of the one twin
wheel of the rear axle were in contact with the road

The last two cases pointed out that for the tipper-track oper-
ating with a large share of similar conditions, eventual fatigue
failures can be highly affected by the plastic strains.

5. CONCLUSIONS

Based on the results of the interview made with the participants
of the road accident and the observation of the damaged rear
twin wheel of the tipper-truck, the outer surfaces of the damaged
rim fragments, the observation of the microstructures of the rim
material sample, and the analysis of stresses in the models of
the rim loaded according to the several analyzed scenarios, the
following conclusions can be formulated:
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e The rim disc material was made of hot-rolled weldable steel,

as evidenced by the difference in microstructure in the rim
material sample. The cut was made along the rim disc thick-
ness at different depths from the surface.

The damage to the rim was caused by the simultaneous
influence of several factors, such as overloading the car, poor
condition of the tires, loading the drive wheel by a part of
the vehicle weight and the driving torque, as well driving
over a pothole on a dirt road, causing a temporary relief of
one of the tires in a twin wheel.

Damage to the rim could have been caused due to the initi-
ation and subsequent propagation of fatigue cracks, which
could have been favored by:

— the loosening of one of the bolts fixing the rims to the
wheel hub,

— the presence of material defects in the form of non-
metallic inclusions or heterogeneous structure of the
rolled steel of which the rim disc was made leading to
the occurrence of local notches.

Possible failure mechanism of the tire could relate to the
damaged rim fragment rubbing against each other or against
the twin wheel rim mounting bolts during the rolling of the
wheel.

Driving the highly loaded tipper-truck mainly on dirty roads
strongly promotes the formation of fatigue failures in the
wheel rims accompanied by plastic strains.

Further studies should be directed to the effect of cornering
and braking various tipper-truck configurations while driving
on different roads and under different load conditions, also
with its uneven distribution on the possible increase in load
on individual tipper wheels.
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